Introduction
The nuclear envelope (NE) consists of an outer nuclear mem brane (ONM) and an inner nuclear membrane (INM) that en close the perinuclear space (PNS; Gerace and Burke, 1988) . In nonplant eukaryotes, the ONM and INM are bridged by inter actions between Klarsicht/ANC1/Syne/Nesprin homology (KASH) and Sad1/UNC84 (SUN) proteins (Razafsky and Hodzic, 2009; Graumann et al., 2010b; Starr and Fridolfsson, 2010) . KASH proteins are integral membrane proteins of the ONM with a short Cterminal tail domain in the PNS. SUN pro teins are INM proteins that contain at least one transmembrane domain (TMD) and a conserved Cterminal SUN domain in the PNS. The interaction of the KASH PNS tail with the SUN domain stably associates KASH proteins with the ONM (Padmakumar et al., 2005; Crisp et al., 2006; McGee et al., 2006) .
Many SUN proteins interact with the nuclear lamins in the nucleoplasm, whereas KASH proteins interact with cytoskele ton or cytoskeletonassociated proteins. Thus, SUN-KASH interactions are part of a linker of nucleoskeleton to cytoskeleton complexes conserved from yeast to human, functioning in nuclei positioning and chromosome movement (Crisp et al., 2006) . The founding members of SUN-KASH protein pairs have been identified in Caenorhabditis elegans. Interaction of the SUN protein UNC84 with the actinbinding KASH protein ANC1 is involved in nuclear anchorage; UNC84 also interacts with the KASH protein UNC83, which recruits kinesin1 to transfer forces for nuclear migration (Horvitz and Sulston, 1980; Sulston and Horvitz, 1981; Malone et al., 1999) . Simi larly, the Schizosaccharomyces pombe SUN-KASH bridges, formed by Sad1 and Kms, transfer dynein motor forces to telo meres for positioning telomeres to the spindle pole body (Miki et al., 2004; Chikashige et al., 2006) . SUN proteins were recently identified in plants (Moriguchi et al., 2005; Graumann et al., 2010a; Murphy et al., 2010) . The two Arabidopsis SUN proteins-AtSUN1 and AtSUN2-share the protein structure of the nonplant SUN proteins: an Nterminal domain containing an NLS, a TMD, a coiledcoil domain (CCD), and a SUN domain. Although both SUN proteins are I nner nuclear membrane Sad1/UNC-84 (SUN) proteins interact with outer nuclear membrane (ONM) Klarsicht/ANC-1/Syne homology (KASH) proteins, forming linkers of nucleoskeleton to cytoskeleton conserved from yeast to human and involved in positioning of nuclei and chromosomes. Defects in SUN-KASH bridges are linked to muscular dystrophy, progeria, and cancer. SUN proteins were recently identified in plants, but their ONM KASH partners are unknown. Arabidopsis WPP domain-interacting proteins (AtWIPs) are plant-specific ONM proteins that redundantly anchor Arabidopsis RanGTPase-activating protein 1 (AtRanGAP1) to the nuclear envelope (NE) . In this paper, we report that AtWIPs are plant-specific KASH proteins interacting with Arabidopsis SUN proteins (AtSUNs). The interaction is required for both AtWIP1 and AtRanGAP1 NE localization. AtWIPs and AtSUNs are necessary for maintaining the elongated nuclear shape of Arabidopsis epidermal cells. Together, our data identify the first KASH members in the plant kingdom and provide a novel function of SUN-KASH complexes, suggesting that a functionally diverged SUN-KASH bridge is conserved beyond the opisthokonts.
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). In addition, GFPAtWIP1VVPT (AtWIP1 without the VVPT motif; Fig. 2 A) was tested. AtSUN2 was Cterminally fused to an RFPMyc tag (RFPMycAtSUN2) and transiently coexpressed in Nicotiana benthamiana with GFPAtWIP1, GFPAtWIP1XT, or GFPAtWIP1VVPT. After IP with anti GFP antibody, coimmunoprecipitated AtSUN2 was detected by antiMyc antibody. GFPAtWIP1 bound AtSUN2, whereas GFPAtWIP1XT did not bind (Fig. 2 C) . Deletion of the VVPT greatly diminished the interaction (Fig. 2 C) . Thus, AtWIP1 interacts with AtSUN2, and the PNS tail of AtWIP1 is essential for the interaction. Deleting VVPT only partially affected the interaction, indicating that the lessconserved segment between VVPT and the TMD is also involved in binding AtSUN2.
Next, GFPAtWIP2 and GFPAtWIP3 were tested in coIP assays with RFPMycAtSUN2 alongside GFPAtWIP1 and GFPAtWIP1XT (Fig. 2 D) . GFPtagged AtWIP1, AtWIP2, and AtWIP3 coimmunoprecipitated AtSUN2, whereas GFP AtWIP1XT did not, indicating that all three AtWIPs bind AtSUN2. To determine AtSUN1 binding, a MycFlag-tagged AtSUN1 (MycFlagAtSUN1) was coimmunoprecipitated with GFPAtWIP1, GFPAtWIP1XT, and GFPAtWIP1VVPT (Fig. 2 E) . After IP by the antiGFP antibody, AtSUN1 was detected using antiMyc antibody. Fig. 2 E shows that both the exchange of the PNS tail and the deletion of VVPT greatly reduced binding between AtWIP1 and AtSUN1. Fig. 2 F shows that GFPAtWIP1, GFPAtWIP2, and GFPWIP3 all interact with RFPFlagAtSUN1. We conclude that all AtWIPs are bind ing partners of both AtSUNs and that the PNS tail of AtWIP1 is important for binding.
AtSUNs interact with AtWIP1 through their SUN domain
The SUN domain or the segment between the CCD and the SUN domain is required for interacting with known KASH proteins (Padmakumar et al., 2005; StewartHutchinson et al., 2008) . Protein sequence alignment shows that unlike animal and fungal SUN proteins, sequence conservation among plant SUN proteins begins immediately after the predicted CCD (Fig. S1 ). To test whether this extended plant SUN domain ubiquitously expressed (Graumann et al., 2010a) , a reported AtSUN1/AtSUN2 double mutant shows no phenotypes except for a nuclear shape change in root hairs (Oda and Fukuda, 2011) . No plant KASH proteins were identified.
Arabidopsis WPP domain-interacting proteins (AtWIPs) are three plantspecific ONM proteins that redundantly anchor Arabidopsis RanGTPase-activating protein 1 (AtRanGAP1) to the NE (Xu et al., 2007) . Here, we show that AtWIP1, AtWIP2, and AtWIP3 interact with AtSUN1 and AtSUN2 at the NE. The AtSUN-AtWIP1 interaction is required for the NE localization of AtWIP1 and AtRanGAP1 and for maintaining the elongated shape of plant nuclei. AtWIPs are the first identified plant KASH proteins, suggesting that SUN-KASH interactions are conserved beyond the opisthokonts but have functionally diverged.
Results and discussion

Identification of AtWIPs as ONM
AtSUN-interacting partners
In most animal KASH proteins, the PNS tail terminates with a PPPX motif that is essential for SUN protein interaction and is required for NE localization of KASH proteins (Razafsky and Hodzic, 2009; Starr and Fridolfsson, 2010) . WIPs are the only currently known plant ONM proteins with a Cterminal PNS tail, which terminates in a highly conserved VPT motif (, hydro phobic amino acid; Xu et al., 2007) . Deletion of the VVPT of AtWIP1 diminishes its NE localization (Xu et al., 2007) . The AtWIP1 PNS tail has a low degree of similarity to known KASH domains (Fig. 1) . It is significantly shorter than the tail of most KASH proteins but has similar length to that of C. elegans ZYG12B and KDP1 and Interaptin from Dictyostelium discoideum (Xiong et al., 2008; McGee et al., 2009; Minn et al., 2009) . Specifically, the penultimate proline is highly conserved, and a terminal Ser/Thr residue is often present.
We tested the interaction between AtWIP1 and AtSUN2 by coimmunoprecipitation (coIP). In the control protein GFP AtWIP1XT (Fig. 2 A) , the PNS tail of AtWIP1 (PEPDTVVPT) was replaced by the ER luminal tail (RFYTKSAEA) of tail anchored cytochrome b5c from Aleurites fordii (Hwang et al., GFPAtWIP1VVPT is significantly more mobile than GFP AtWIP1 (P < 0.01, using a t test; n = 30), possibly because this deletion disrupts interactions of AtWIP1 and N. benthamiana SUN proteins. Interestingly, GFPTDF AtWIP1 is also more mobile (P < 0.01, using a t test; n = 30), indicating that the cytoplasmic N terminus of AtWIP1 is involved in binding interactions, possibly including RanGAP and WPPinteracting tailanchored protein (Xu et al., 2007; Zhao et al., 2008) .
When GFPAtWIP1 was coexpressed with RFPFlag AtSUN1 (see Fig. S2 A for protein localization), a significant decrease (P < 0.01, using a t test; n = 30) in mobility was detected ( Fig. 3 B) , indicating that AtSUN1 interacts with GFPAtWIP1 at the NE. GFPAtWIP1 is more mobile when coexpressed with RFPFlagAtSUN1NSUN than with RFPFlagAtSUN1 (P < 0.01, using a t test; n = 30) and has the same mobility as when expressed on its own (P > 0.05, using a t test; n = 30; Fig. 3 B) . The same effects were observed when expressing GFPAtWIP1 with either RFPMycAtSUN2 (P < 0.01, using a t test; n = 60 for GFPAtWIP1 single expression; n = 30 for coexpression with RFPMycAtSUN2) or with RFPMycAtSUN2NSUN (P > 0.05, using a t test; n = 60 for GFPAtWIP1 single expres sion; n = 30 for coexpression with RFPMycAtSUN2NSUN; Fig (Fig. 2 G) . Hence, the SUN domain is essential for interacting with AtWIP1.
AtSUN1 affects the mobility of AtWIP1 at the plant NE
The mobility of a membrane protein will be reduced upon inter acting with other proteins (Reits and Neefjes, 2001) . To confirm that the SUN-WIP interaction occurs at the NE, we measured the mobility of AtWIP1based fusion proteins using FRAP in the absence and presence of AtSUNbased fusion proteins. We examined the mobility of GFPAtWIP1, GFPAtWIP1VVPT, and GFPTDF AtWIP1 (the transmembrane domain fragment [TDF] is the TMD plus PNS tail; see Figs. 1 and 2 A) ex pressed transiently in N. benthamiana leaves and found that fulllength GFPAtWIP1 is the least mobile (Fig. 3 A) . To quan tify the mobility change, maximum recovery was compared. not change (P > 0.05, using a t test; n = 30; Fig. 3 D) , indi cating that the mobility change requires the Cterminal VVPT motif. The mobility of the highly mobile GFPTDF AtWIP1 also decreased when coexpressed with either RFPFlagAtSUN1 or GFPMycAtSUN2 (P < 0.01, using a t test; n = 30; Fig. 3 E) . Together, these data corroborate the coIP interaction results and show that both the NSUN domain and the VVPT motif are required for the interaction of AtWIP1 with AtSUN1 and AtSUN2 at the plant NE.
AtSUN1 and AtSUN2 are required to anchor AtWIP1 to the NE
The NE localization of known KASH proteins depends on SUN proteins (Padmakumar et al., 2005; Crisp et al., 2006; Ketema et al., 2007; StewartHutchinson et al., 2008) . In GFP AtWIP1VVPT-transformed wildtype Arabidopsis, the GFP signal at the NE is significantly reduced compared with GFPAtWIP1, and diffuse signal appears in the cytoplasm, con sistent with the importance of VVPT for AtWIP1 NE localization (Xu et al., 2007) . To test whether AtWIP1 NE localization requires SUN proteins, we transformed GFPAtWIP1 into a sun1-KO sun2-KD mutant. The mutant contains two transfer DNA inser tions that cause the complete absence of AtSUN1 transcript and a reduction in the amount of AtSUN2 transcript (Fig. S2 B) . The GFPAtWIP1 signal was imaged in undifferentiated root tip cells of three independent lines. Compared with GFP AtWIP1 in wild type, the GFPAtWIP1 signal in sun1-KO sun2-KD is predominantly diffuse in the cytoplasm, very simi lar to GFPAtWIP1VVPT in wild type (Fig. 4 A) . For quanti fication, we defined an NE localization index (NLI) as the sum of the maximum from two NE intensities divided by the sum of the maximum cytoplasmic intensities ([N 1 + N 2 ]/[C 1 + C 2 ], as indicated in the wildtype intensity profile images in Fig. 4 A) . A high NLI indicates a high concentration of the signal at the NE, and an NLI close to 1 indicates no apparent concentration. The NLI is significantly higher in GFPAtWIP1-transformed wild type than in GFPAtWIP1-transformed sun1-KO sun2-KD mutant and GFPAtWIP1VVPT-transformed wild type (P < 0.01, using a t test; n = 50; Fig. 4, A and B) . The difference between GFPAtWIP1-transformed sun1-KO sun2-KD and GFPAtWIP1VVPT-transformed wild type likely reflects the fact that sun2-KD is not a null allele. These results indicate that AtSUNs are required for the concentration of AtWIP1 at the NE.
AtSUNs are required for AtRanGAP1
NE localization
In plants and animals, RanGAP is associated with the ONM, proposed to be important for efficient RanGTP hydrolysis dur ing nucleocytoplasmic transport (Mahajan et al., 1997; Hutten et al., 2008) . In animals, RanGAP is anchored by RanBP2 at the NE, whereas in Arabidopsis, AtWIPs are anchoring AtRanGAP at the NE in undifferentiated root cells (Xu et al., 2007; Meier et al., 2010) . The loss of AtWIP1 at the NE in sun1-KO sun2-KD suggests that in plants, SUN proteins may play a role in RanGAP NE localization. Hence, we examined the GFP signal in undifferentiated root cells of AtRanGAP1GFP-transformed . Asterisks at the end of each curve indicate significant statistical difference of the maximum recovery compared with the green curve in each figure (P < 0.01, using a t test). Otherwise, no statistical difference has been observed (P > 0.05, using a t test).
homologues have been found. AtRanGAP1 has additional plant specific mitotic localizations-the preprophase band that pro ceeds to the cortical division site during cell division-and these mitotic RanGAP localizations do not depend on WIPs (Xu et al., 2007) . When AtSUN1 and AtSUN2 YFP fusions were imaged from prophase to metaphase in tobacco BY2 suspension cul ture cells, they were absent from these mitotic sites (Fig. S2 C) , suggesting that they are unlikely to be involved in the mitotic localization of plant RanGAP. wip1-1 wip2-1 wip3-1 and sun1-KO sun2-KD have no develop mental or fertility defects under laboratory conditions. A pre viously reported AtSUN1/AtSUN2 double mutant showed an increase in circularity of root hair cell nuclei (Oda and Fukuda, 2011) . Thus, we investigated nuclear morphology in sun1-KO sun2-KD and wip1-1 wip2-1 wip3-1. As trichome nuclei and a portion of leaf epidermal cell nuclei are also elongated, we included these two cell types in this examination.
Imaging of DAPI fluorescence in fully expanded new leaves from plants before bolting showed that the nuclei of leaf epidermal cells and trichomes are significantly less elongated in both mutants (Fig. 5 A) . To quantify nuclear circularity, the ratio of nuclear width to length was used. More elongated nuclei will have a lower circularity index, whereas round nuclei sun1-KO sun2-KD lines (10 independent lines were examined) and compared it with AtRanGAP1GFP-transformed wild type and wip1-1 wip2-1 wip3-1. The NLI was used to quantitatively compare the signals. The AtRanGAP1GFP signal was signifi cantly more diffuse in the cytoplasm in both mutants than in wild type (P < 0.01, using a t test; n = 55; Fig. 4, C and D) . Again, the higher NLI of sun1-KO sun2-KD than wip1-1 wip2-1 wip3-1 may be because sun2-KD is not a null allele.
AtWIP1 interacts with the WPP domain of AtRanGAP1 through its Nterminal cytoplasmic CCD (Xu et al., 2007) , whereas AtSUN2 binds the PNS tail of AtWIP1. Thus, we tested whether AtSUN2 interacts with AtRanGAP1 through AtWIP1. AtRanGAP1GFP and RFPMycAtSUN2 were co expressed with either AtWIP1 or AtWIP1XT in N. benthamiana leaves. Proteins were extracted and immunoprecipitated with antiGFP antibody. The coIP of AtWIP1 and AtWIP1XT was detected by antiWIP1 antibody (Xu et al., 2007) . Both AtWIP1 and AtWIP1XT were precipitated by AtRanGAP1GFP (Fig. 4 E) . However, coimmunoprecipitated RFPMycAtSUN2, detected by antiMyc antibody, was only present in the AtWIP1coexpressed sample, indicating that AtSUN2 indirectly interacts with AtRanGAP1 through AtWIP1.
Thus, the SUN-WIP interaction functions in anchoring RanGAP to the plant NE. During mammalian mitosis, RanBP2 relocates to the kinetochores (KTs) and is required for the KT localization of RanGAP (Joseph et al., 2004) . Although AtRanGAP1 is also localized to the KT, no plant RanBP2 nucleus is held at a specific distance from the growing tip by a process involving actin (Ketelaar et al., 2002) . And second, the nucleus in a leaf hair (trichome) migrates to a fixed position close to the first branch point of the trichome cell (Folkers et al., 1997) . Both processes were unchanged in both sun1-KO sun2-KD and wip1-1 wip2-1 wip3-1 (Fig. S3 and Videos 1, 2, and 3). This indicates that SUN-WIP interactions do not contribute significantly to nuclear positioning in root and leaf hairs.
The function of the elongated nuclear shape in plant epidermal cells is currently unknown, but it is conceivable that it might accommodate protection against mechanical stress or shearing forces of cytoplasmic streaming. Indeed, mammalian linker of nucleoskeleton to cytoskeleton complex components are implied in reduced nuclear mechanotransduction and the activation of mechanosensitive genes (Lammerding et al., 2004 (Lammerding et al., , 2005 (Lammerding et al., , 2006 . In addition, nuclear shape changes have been correlated with both human disease and cell aging (Dahl et al., 2008; Webster et al., 2009) . Laminopathies, such as Hutchinson-Gilford Progeria syndrome, are diseases caused by mutations in type A lamins. The nuclei of laminopathy patients often bear lobulated and invaginated nuclear shapes and changes in chromatin organization, leading to alteration in nuclear rigidity and sensitivity to mechanical stress. Simi lar nuclear shape changes occur during aging in C. elegans (Haithcock et al., 2005) and human cells (Scaffidi and Misteli, 2006) . In plants, nuclear shape changes have also been ob served in the leaf epidermal cells of Arabidopsis nucleoporin nup136 mutants (Tamura et al., 2010) and the root cells of Arabidopsis bearing mutations in long coiledcoil NE protein LITTLE NUCLEI1 and 2 (Dittmer et al., 2007) . It will be im portant to determine the interaction of these proteins with the SUN-WIP complex described here and to develop assays that test the effect of mechanical stress on nuclear function in plant epidermal cells.
will have a circularity index close to 1. For consistency, the maximum cross section or a zstacked image of each nucleus was used to calculate the circularity index. As shown in Fig. 5 B (top two histograms), wild type has a significantly lower circular ity index than both mutants (P < 0.01, using a t test; n = 60 for leaf epidermal cells; n = 20 for trichomes).
Root hair nuclei were observed in DAPIstained roots from 7-8dold seedlings. In wild type, DAPI staining re vealed a superelongated nuclear shape: a pod with two stretched thin tails extending from the poles (Fig. 5 A, third  row) . This superelongated nuclear shape has not yet been reported but might be a variant of the fragmented and bilobed root hair nuclei observed by Chytilova et al. (2000) . In sun1-KO sun2-KD and wip1-1 wip2-1 wip3-1 mutants, the pods were less elongated, and the tails were lost (Fig. 5 A) . To quantify this change, we used the maximum length of a nucleus (including the tails). Fig. 5 B (bottom histogram) shows that wildtype nuclei are significantly more elon gated than nuclei in both mutants (P < 0.01, using a t test; n = 55). The same nuclear shape changes were observed when nuclei were visualized by the GFP marker that represents the entire nucleoplasm (Fig. 5 A, bottom row) . Fig. 5 C shows a WPPGFP line (WPP domain of AtRanGAP1 fused with GFP, serving as an NE marker), illustrating that the super elongated nuclear shape was also observed when the NE was labeled. Together, these data suggest that AtWIPs and AtSUNs are required to maintain the elongated or super elongated nuclear shape in three different types of plant epi dermal cells.
In animals, a predominant function of SUN-KASH bridges is to regulate nuclear position and migration through interactions with the cytoskeleton (Crisp et al., 2006) . To inves tigate whether AtSUN-AtWIP interactions also affect nuclear positioning in Arabidopsis, two characterized nuclear position ing events were assayed. First, the position of the root hair -1 wip2-1 wip3-1 plants. (A) Comparison of nuclear shapes in trichomes, leaf epidermal cells, and mature root hair cells of wild type, sun1KO sun2KD, and wip11 wip21 wip31. Nuclei were DAPI stained, and mature root hair nuclei images in the bottom row are confocal maximum intensity projections using GFP-NLS-GFP as a nuclear marker. (B) Quantitative comparison of nuclear shape changes shown in A. Asterisks indicate significant statistical difference (P < 0.01, using a t test; n = 60 for leaf epidermal cells; n = 20 for trichomes; n = 55 for root hairs) compared with wild type. Error bars represent SEM. (C) A confocal maximum intensity projection showing a super-elongated nucleus in a wild-type mature root hair using WPP-GFP as an NE marker. Bars, 10 µm.
nitrogen into a fine powder before co-IP was performed at 4°C. For samples involving Myc-Flag-AtSUN1, radioimmunoprecipitation assay buffer containing 50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 0.1% SDS, 0.5% NaDeoxycholate, 1% NP-40, 1 mM PMSF, and 1% protease inhibitor cocktail (Sigma-Aldrich) was used. Other protein extracts were prepared in NP-40 buffer containing 50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 0.5% NP-40, 1 mM EDTA, 3 mM DTT, 1 mM PMSF, and 1% protease inhibitor cocktail (Sigma-Aldrich). Protein complexes were immunoprecipitated from extracts by anti-GFP antibody (ab290; Abcam) bound to protein A-Sepharose beads (GE Healthcare). The immunoprecipitates were then analyzed by immunoblotting with anti-AtWIP1 (1:2,000; Xu et al., 2007) , anti-GFP (1:2,000, 632569; Takara Bio Inc.), anti-Myc (1:1,000, M5546; SigmaAldrich), or anti-FLAG (1:2,000, F7425; Sigma-Aldrich) antibody.
DAPI staining and nuclear length measurement For leaf nuclear staining, fully expanded leaves before bolting were cut into small pieces. For root hair nuclear DAPI staining, 7-or 8-d-old Arabidopsis seedlings grown on Murashige and Skoog plates were used. All samples were stained in 1 µg/ml DAPI solution for 20 min. Images were collected with a digital camera (DS-Qi1Mc; Nikon). The length of the nuclei was measured using NIS-Elements software (Nikon).
Root hair and trichome nuclear positioning assay Young root hairs of 11-d-old Arabidopsis seedlings carrying the GFP-NLS-GFP marker were imaged using a confocal microscope (Eclipse C90i; Nikon). For the trichome nuclear positioning assay, the nuclei of fully expanded young leaves of 25-d-old plants were imaged using a digital camera (DS-Qi1Mc), and distances were measured using NIS-Elements software.
Confocal microscopy and FRAP
A confocal microscope (Eclipse C90i) with minimum or medium aperture was used to image 7-or 8-d-old Arabidopsis seedlings. Intensities were measured using NIS-Elements software. Cytoplasmic intensities shown in Fig. 4 (C 1 and C 2 ) were measured close to the cell wall to capture maximal cytoplasmic values away from more central vacuoles. To reduce noise, intensity profiles shown in Fig. 4 were calculated by averaging the intensities of the adjacent 4 pixels. For FRAP, infiltrated Nicotiana tobacco leaf sections were examined with a confocal microscope (LSM 510; Carl Zeiss). Samples were preincubated in 4 µM latrunculin B (Sigma-Aldrich) for 20 min to stop nuclei movement. Bleaching parameters were identical for all FRAP experiments, including use of a 63× oil immersion lens, a digital zoom factor of two, and a 21-µm 2 circular bleach area. The argon laser output was kept at 50% at all times. For image acquisition, the 488-nm laser transmission was set to <4%. For bleaching, the laser transmission was increased to 100%. Each sample was scanned five times before bleach, and after bleach, each sample was scanned for 42 s with a 0.5-s time interval. For data analysis, the raw fluorescence intensity data were normalized to a percentage scale using the equation I N = 100 × (I T  I MIN )/(I MAX  I MIN ), in which I N is the normalized fluorescence intensity, I T is the fluorescence intensity at a given time point, I MIN is the lowest fluorescence intensity immediately after the bleach, and I MAX is the mean prebleach fluorescence intensity (Graumann et al., 2007) . The normalized data were fitted with a curve using Prism 4 (GraphPad Software), and statistical analysis was performed using Excel (Microsoft) and GraphPad software.
Online supplemental material Fig. S1 shows plant-specific conserved residues in plant SUN domains revealed by the alignment of SUN domains from different species. Fig. S2 shows AtWIP1 and AtSUN localization and characterization of sun1KO sun2KD. Fig. S3 shows that the nuclear position in root hairs and trichomes is not affected in sun1KO sun2KD and wip11 wip21 wip31. Video 1 shows nuclear movement from the trichome baseline to the first branch point in a wild-type trichome. Video 2 shows nuclear movement from the trichome baseline to the first branch point in a sun1KO sun2KD trichome. Video 3 shows nuclear movement from the trichome baseline to the first branch point in a wip11 wip21 wip31 trichome. Online supplemental material is available at http://www.jcb.org/cgi/content/full/jcb.201108098/DC1.
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Materials and methods
Plant materials
Arabidopsis (Columbia ecotype) were grown at 25°C in soil under 16 h of light and 8 h of dark or on Murashige and Skoog plates (Caisson Laboratories, Inc.) under constant light. Mutant wip11 wip21 wip31 was previously reported (Xu et al., 2007) . The sun1KO sun2KD mutant (SALK_123093 for sun1KO and SALK_049398 for sun2KD) was a gift from S. Armstrong and K. Osman (University of Birmingham, England, UK).
Constructs WPP-GFP was previously reported as AtRanGAP1C-GFP (Rose and Meier, 2001) . In brief, the WPP domain of AtRanGAP1 was amplified by PCR using the primer 5-GCCATGGATCATTCAGCGAAAACC-3 and 5-ACCCATGGCCTCAACCTCGGATTC-3. The resulting PCR product was cloned into pCR II-TOPO and sequenced for confirmation before being cloned into the single NcoI site of pRTL2-mGFPS65T (von Arnim et al., 1998) . Coding sequences of AtSUN2, AtSUN2N, AtSUN2CC, AtSUN2CSUN, AtSUN1 without a stop codon, and AtSUN2 without a stop codon were amplified by PCR, cloned into the pDONR207 vector, and confirmed by sequencing. Coding sequences of AtRanGAP1, AtWIP1, TDF AtWIP1 , AtWIP1VVPT, AtWIP1XT, Flag-AtSUN1, Flag-AtSUN1NSUN, Myc-AtSUN2, Myc-AtSUN2NSUN, and NLS-GFP were amplified by PCR, cloned into the pENTR/D-TOPO vector (Invitrogen), and confirmed by sequencing. Coding sequences in pDONR207 or pENTR/D-TOPO vectors were moved to destination vectors by LR reaction (Invitrogen). AtRanGAP1 was cloned into pK7FWG2 (Karimi et al., 2002 ) to obtain AtRanGAP1-GFP; AtWIP1, TDF AtWIP1 , AtWIP1VVPT, AtWIP1XT, Myc-SUN2NSUN, and NLS-GFP were cloned into pK7WGF2 (Karimi et al., 2002 ) to obtain GFP-AtWIP1, GFP-TDF
AtWIP1
, GFP-AtWIP1VVPT, GFP-AtWIP1XT, GFP-SUN2NSUN, and GFP-NLS-GFP; AtSUN2, AtSUN2N, AtSUN2CC, and AtSUN2CSUN were moved to pB7WGC2 to obtain CFP-AtSUN2, CFP-AtSUN2N, CFP-AtSUN2CC, and CFP-AtSUN2CSUN; AtSUN1 without a stop codon and AtSUN2 without a stop codon were moved to pCAMBIA1300 (Cambia) with a preinserted CaMV35S promoter -CassetteA-eYFP-NOS terminator gateway fragment to obtain AtSUN1-YFP and AtSUN2-YFP. Flag-AtSUN1, Flag-AtSUN1NSUN, Myc-AtSUN2, and Myc-AtSUN2NSUN were cloned into pK7WGR2 (Karimi et al., 2002) to obtain RFP-Flag-AtSUN1, RFP-Flag-AtSUN1NSUN, RFP-Myc-AtSUN2, and RFP-MycAtSUN2NSUN; Flag-AtSUN1 was cloned into pGWB21 (Nakagawa et al., 2007) to obtain Myc-Flag-AtSUN1. AtWIP1 and AtWIP1XT were cloned to pH2GW7 (Karimi et al., 2002) to obtain the overexpressing constructs.
Transformation of Agrobacterium
The WPP-GFP construct was transformed to Agrobacterium LBA4404 by electroporation (Wise et al., 2006) . Other expression constructs were transformed to Agrobacterium ABI by triparental mating (Wise et al., 2006) . For triparental mating, in brief, the Escherichia coli carrying the constructs of interest were coincubated overnight at 30°C on Lysogeny broth agar (1.5%) plates with Agrobacterium ABI and the E. coli helper strain containing the vector pRK2013. Then, the bacterial mixture was streaked on Lysogeny broth agar (1.5%) plates with proper antibiotics to select transformed Agrobacterium.
Generation of transgenic plants
Transgenic Arabidopsis were obtained by Agrobacterium-mediated floral dip (Clough and Bent, 1998) . In brief, Agrobacterium strains carrying the constructs of interest were inoculated in Lysogeny broth liquid medium and grown overnight at 30°C. The bacteria were collected by centrifuging and resuspended in transformation solution containing 5% sucrose and 300 µl/L silwet l-77 (Lehle Seeds) to OD 600 = 0.8. The inflorescence part of Arabidopsis was dipped in the bacterial suspension. After being kept moist in the dark overnight at room temperature, the plants were moved to a growth chamber and allowed to set seeds. The transgenic plants were selected on Murashige and Skoog agar (0.8%) plates containing kanamycin or Basta (Sigma-Aldrich).
Co-IP experiments
Genes of interest were coexpressed transiently in N. benthamiana leaves by Agrobacterium infiltration (Sparkes et al., 2006) . In brief, Agrobacte rium cultures were collected by centrifuging and resuspended to OD 600 = 1.0 in the infiltration buffer containing 10 mM MgCl 2 , 10 mM MES, pH 5.4, and 100 µM acetosyringone. The Agrobacterium suspension was pressure infiltrated into N. benthamiana leaves with a plastic syringe. Plants were grown for 3 d after infiltration. Leaves were collected and ground in liquid
